Introduction
In a context of growing competition on international markets, it becomes of utmost importance to achieve higher quality standards in the vineyard. This has led to a radical renewal of viticulture and a review of agricultural techniques, with the aim of maximizing quality and sustainability through the reduction and more efficient use of production inputs such as energy, fertilizers and chemicals, and minimizing input costs while ensuring the preservation of the environment. The concept of precision viticulture is a step in this direction, being a differentiated management approach aiming to meet the real needs of each parcel within the vineyard. Several authors have studied precision viticulture in Australia and in Europe. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Vineyards are characterized by a high heterogeneity due to structural factors such as the pedo-morphological characteristics, and other dynamics such as cropping practices and seasonal weather. 15 This variability causes different vine physiological response, with direct consequences on grape quality. 16 Vineyards therefore require a specific agronomic management to satisfy the real needs of the crop, in relation to the spatial variability within the vineyard.
Monitoring technologies
The primary objective of the monitoring process is acquisition of the maximum amount of georeferenced information within the vineyard. A wide range of sensors aiming to monitor different parameters that characterize the plant growth environment are employed in precision viticulture for remote and proximal monitoring of geolocated data.
Geolocation
Georeferencing is the process of establishing the relationship between spatial information and its geographical position. This makes a comparison possible among the different spatial data detected in the vineyard, such as soil physical properties, yield, and water or fertilizer contents. 18 The Global Positioning System (GPS) is a space-based satellite navigation system that provides users with a highly accurate, 3D position (x, y, z) and rapid and timely information. While a GPS receiver calculates its position on earth based on the information it receives from four or more located satellites, with about 3-15 m accuracy, the differential techniques provide centimeter location accuracy, thanks to a network of fixed, groundbased reference stations to correct the positions indicated by the satellite systems with known fixed positions. This type of GPS technology is useful in performing tasks requiring high precision, such as crop mapping, automatically driven farm vehicles, soil sampling, and distribution of fertilizers and pesticides at variable rates.
Remote sensing
Remote sensing techniques rapidly provide a description of grapevine shape, size, and vigor and allow assessment of the variability within the vineyard. This is image acquisition at a distance with different scales of resolution, able to describe the vineyard by detecting and recording sunlight reflected from the surface of objects on the ground. 19 Remotely sensed data permit the plant physiology to be described by means of vegetation indices calculation, such as the well-known normalized difference vegetation index (NDVI), which exploits the different response of vegetation to the visible (red) and near-infrared spectral bands that are closely related to crop status. 20 Canopy reflectance, in the visible and near-infrared bands, is strongly dependent on both structural (leaf area index [LAI] ) and biochemical properties (chlorophyll content) of the canopy. 21 The combination of vine-leaf biomass and photosynthetic potential has been defined as photosynthetically active biomass (PAB), and remote sensing can detect PAB through the synergetic effect of individual pixel values (photosynthetic potential) and pixel distribution (biomass) in the spectral signature. 22 Grapevine PAB is influenced by site-specific geo-pedo-morphological conditions, and their variation within a vineyard causes a spatial variation in canopy characteristics. Vine vigor, which is traditionally measured through parameters like trunk cross-sectional area, average shoot length, and pruning weight, is reported to have a considerable effect on fruit yield and quality. [23] [24] [25] The three platforms mainly used in remote sensing are satellites, aircraft, and unmanned aerial vehicles (UAVs) (Figure 1) , with different application methods and types of sensors.
Satellite
Satellites have been used in precision farming for over 40 years, when Landsat 1 was launched into orbit in 1972. It was equipped with a multispectral sensor and provided a spatial resolution of 80 m per pixel with revisit intervals of approximately 18 days. Landsat 5 was launched in 1984 and collected imagery in the blue, green, red, near-infrared, and thermal bands at a spatial resolution of 30 m. The first application of remote sensing in precision agriculture occurred when Landsat imagery of bare soil was used to estimate spatial patterns in soil organic matter content. 26, 27 In the meantime, there were several ongoing efforts to design higher spatial resolution satellite imaging systems with quicker revisit cycles. The spatial resolution of imaging systems has improved from 80 m with Landsat to sub-meter resolution with GeoEye and WorldView, and the frequency has improved from 18 days to 1 day with new satellite platforms, with significant advances in sensor performances. 
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The latest satellite, WorldView 3, successfully launched in August 2014, is even capable of providing resolutions of 0.30 m in visible spectra, 1.30 m in multispectral, and 3.70 m in short-wave infrared, with a revisit frequency between 1 and 4 days. The use of satellites in remote sensing therefore has great potential, but the spatial resolutions are not sufficient for precision viticulture due to the narrow vine spacing. Another limitation is the temporal resolution, and cloud cover that can occur at the time the satellite passes. 28, 29 The costs of the images are only sustainable on large areas: given the size of a single image, not less than 50 ha.
Aircraft
Aircraft allow ground monitoring with wide flight range and high payload in terms of weight and dimensions, thus providing the ability to manage a large number of sensors. The aircraft bypasses some limitations of the satellite application by programming the image time acquisition and providing higher ground resolution, depending on the flying altitude. However, the reduced flexibility of the time acquisition, due to the rigid schedule of flight planning and high operational costs, makes it economically viable only on areas of more than 10 ha. An example is the Sky Arrow 650 TC/P68, an aircraft built entirely in carbon and Kevlar, equipped with a 100 HP Rotax engine, with a flight range of about 6 hours. It is a flexible aircraft, which can take off from and land on airports and airfields with a runway length of only 500 m.
UAv
Technological development in the field of automation has provided precision viticulture with a new solution for remote monitoring, UAVs. These fixed or rotary wing platforms are capable of flying autonomously. They are sometimes also improperly called "drones", due to their monotonous low dull sound like the buzzing of a male bee. UAVs can be remote controlled at visual range by a pilot on the ground, or fly autonomously to a user-defined set of waypoints, by means a complex system of flight control sensors (gyros, magnetic compass, GPS, pressure sensor, and triaxial accelerometers) controlled by a microprocessor. These platforms can be equipped with a series of sensors, which allow a wide range of monitoring operations to be performed. The peculiarity of UAV application in remote sensing is the high spatial ground resolution (centimeters), and the possibility of highly flexible and timely monitoring, due to reduced planning time. These features make it ideal in vineyards of medium to small size (1-10 ha), especially in areas characterized by high fragmentation due to elevated heterogeneity. Vineyards are a common target of study in wine-producing countries, such as the USA, Spain, France, Italy, and Australia. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Despite these positive aspects, UAV platforms have an important limitation in terms of payload weight and operating times. Moreover, the implementation of flight regulations has been demanded by UAV stakeholders to drop the barriers for UAV certification and use for all applications involving a large group of contributing agents and institutions. 43 UAV regulations are discussed in European RPAS Steering Group (ERSG) 44 and Federal Aviation Administration (FAA) 45 reports, and a comprehensive description of the most recent works is presented by van Blyenburgh, 46 who reports the experiences of different expert groups from several countries around the world.
Remote sensing sensors and applications
Applications of remote sensing in precision viticulture are focused mainly on reflectance spectroscopy, an optical technique based on reflectance measurement of the incident electromagnetic radiation at different wavelengths, in particular in the visible region (400-700 nm), near infrared (700-1,300 nm), and thermal infrared (7,500-15,000 nm). The relationship between the intensity of the reflected and incident radiant flux is specific to each type of surface. The spectral reflectance of a body, such as a crop or soil, is 
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Matese and Di Gennaro called the "spectral signature", and is represented on an XY graph, with the reflectance value on the ordinate and the wavelength of the spectrum on the abscissa.
The most common classes of sensors are capable of detecting an alteration of transpiration or photosynthetic activity on the leaf surface. Thermal sensors are used to remotely measure leaf temperature, which increases when water stress conditions occur, and is followed by stomatal closure, which reduces the water loss and at the same time interrupts the cooling effect of evapotranspiration. Alterations in photosynthetic activity are linked to the nutritional status, health, and vigor of the plants, and can be detected with multispectral and hyperspectral sensors. Leaf reflectance is influenced by different factors in specific regions of the spectra: in the visible by the photosynthetic pigments, such as chlorophyll a, chlorophyll b, and carotenoids; in the near infrared by the structure of the leaves (size and distribution of air and water within the canopy); and in the infrared by the presence of water and biochemical substances, such as lignin, cellulose, starch, protein, and nitrogen.
Satellite and aerial images are frequently used to estimate spatial patterns in crop biomass and yield, using vegetation indices such as the NDVI. Correlation of these indices with structural or physiological characteristics of the vine is well studied. NDVI can be related with different factors, such as the LAI, the presence of nutrient deficiencies, water stress status, or health status, while the narrow-band hyperspectral vegetation indices are sensitive to chlorophyll content. [47] [48] [49] [50] [51] [52] [53] Hyperspectral remote sensing provides a powerful insight into the spectral response of soils and vegetated surfaces, collecting reflectance data over a wide spectral range at high resolution (typically 10 nm), while multispectral sensors acquire reflectance data in a reduced spectrum range focused on the blue, green, red, and near-infrared regions, with less resolution (at least 40 nm wide). Another field of application is the study of the canopy structure and biomass by light detection and ranging (LiDAR) systems, a remote sensing technology that measures distance by illuminating a target with a laser and analyzing the reflected light. Figure 2 shows some of the newest remote sensing sensors used in precision viticulture.
Proximal sensing
Within proximal sensing applications, there are many tools available for continuous measurements carried by moving vehicles, or instruments for precise ground observations made by an operator. 
Wireless sensor network
Wireless sensor network (WSN) technologies provide a useful and efficient tool for remote and real-time monitoring of important variables involved in grape production, processing the data and transmitting the required information to the users. A WSN is a network of peripheral nodes consisting of a sensor board equipped with sensors and a wireless module for data transmission from nodes to a base station, where the data are stored and accessible to the end user. The nodes are energy independent and are installed in areas representative of the vineyard variability, which can be identified with information provided by a vigor map ( Figure 3) . A comprehensive review on the state of the art of WSN in agriculture and the food industry was written by Ruiz-Garcia et al. 54 With regard to viticulture, Burrell et al 55 57 proposed a wireless sensor application in precision viticulture, which enables site-specific microclimate monitoring for different vigor areas of the vineyard. In recent years, the advent of low-cost and opensource technologies has led to their wide diffusion in the scientific community. 58, 59 The 60 This leads to a coordinated development of hardware and software solutions, with ample and effective support from network communities, therefore a wide range of ready-to-use software applications is available on the Web, shortening development times.
At the same time, the evolving technology provides solutions that are increasingly efficient in terms of minimal size, low cost and power supply, and improved power transmission, which allow greater distances to be covered with reduced consumption. The primary application of WSNs is the acquisition of micrometeorological parameters at vine canopy and soil level. In the last decade, the continuous innovation process has allowed the development of new kinds of sensors for plant physiology monitoring, such as dendrometers and sap-flow sensors, for the continuous measurement of plant water status for irrigation scheduling. Figure 4 presents some sensors employed in WSN.
Soil monitoring
An important application of innovative techniques in precision viticulture is the proximal monitoring of soil variability, which includes the use of a wide range of sensors. Measurement of the apparent electrical conductivity of the soil can be detected by mobile platforms equipped with soil electromagnetic sensors and GPS for continuous measures. 61, 62 It is a parameter strongly correlated with many soil properties, such as texture and depth, water retention capacity, organic matter content, and salinity. The sensors used for this type of measurement are either invasive electrical resistivity or noninvasive electromagnetic induction sensors. The first type (electrical resistivity) are used to control the resistivity, and therefore conductivity, of a given volume of soil, generating electrical currents and subsequently measuring the potential differences. Among the commercial systems available, the Veris 3100 (Veris Technologies Inc, Salina, KS, USA) and the Automatic Resistivity Profiling system (ARP) (Geocarta Ltd, Paris, France) are the most common. The operating principle of the electromagnetic induction sensors involves the generation of a magnetic field that induces electrical current in the ground, which in turn creates a second magnetic field proportional to the conductivity of the soil that is measured by the sensor. Some devices on the market are the DualEM (DualEM, Milton, ON, Canada) and EM-31 and EM-38 (Geonics Ltd, Mississauga, ON, Canada). There are also newly developed sensors for mobile platform applications, for the measurement of pH, ionic nitrogen, and potassium content, for the measurement in near-infrared and mid-infrared spectra, ground penetrating radar, and radiometers. The soil proprieties play an important role in vine growing, so knowing the spatial variability of soil characteristics within a vineyard allows improved understanding of vine physiological response variability.
Crop monitoring
Many systems have been developed for monitoring vineyards, which provide a high-resolution screening of the canopy side across the row coupled with a GPS system for data georeferencing. In relation to crop sensors, Zhang et al point out various possibilities. 63 One example of these sensors is GrapeSense (Lincoln Ventures Ltd, Hamilton, New Zealand), which captures a high-frequency digital image of the canopy side, collecting information on the height and texture of the vines along the row. Other systems are based on multispectral sensors like GreenSeeker ® (NTECH Industries Inc, Ukiah, CA, USA) and the Cropcircle (Netherlands Scientific Inc, Lincoln, NE, USA), which supply information for vegetation indices calculation, strongly correlated with the vertical LAI and the leaves' layer density. These sensors are designed to be mounted on machines and tractors ( Figure 5 ), allowing the acquisition of spatial data during the daily vineyard management. Another solution in continuous development is the use of LiDAR sensors, which can provide a georeferenced 3D reconstruction of each single plant and generate spatial variability maps referring to the volumetric size of the canopy, directly correlated with the LAI. Thanks to these proximal monitoring systems, it becomes possible to analyze the spatial variability with higher resolution than provided remotely.
Yield and quality monitoring
Many systems have been developed to obtain georeferenced yield information, especially integrated on mechanical harvesters. Varieties of solutions are now available on the market such as HarvestMaster Sensor System HM570 (Juniper Systems Inc., Logan, UT, USA), Canlink Grape Yield Monitor 3000GRM (Farmscan, Bentley, WA, Australia), and Advanced Technology and Viticulture (ATV) (Advanced Technology Viticulture, Joslin, SA, Australia). The HM570 system operating principle is based on a volumetric grape 
VRTs and agbots
VRT in precision viticulture allows agronomic management to be differentiated and the inputs dosed in time and space. This technology uses software that can combine the position information, obtained by a GPS module, with prescription maps generated for each specific operation. 65 The agronomic inputs will no longer be applied as average quantities per hectare, but according to the real needs of the vines derived from the vineyard heterogeneity.
The concurrent development of standard electronic communication in agricultural machinery has facilitated the connection between tractors and equipment. Considerable efforts have been made to develop international standards to regulate the communication protocols and exchange of information between sensors, actuators, and software from different manufacturers. Research conducted on VRT has explored many application solutions, including the differentiated distribution of fertilizers and pesticides and pruning methods. 66, 67 The key factors of the variable-rate strategy potential are based on the development of innovative technologies in the field of vegetation monitoring and high-performance atomization systems. The implementation of site-specific vineyard management aims to abandon the concept of the vineyard as a territorial unit, and suggests a parcel and even sub-parcel management level. With engineering development, in particular in the field of satellite navigation systems, VRT will become more accurate and easier to use, with lower costs.
vRT
Modern agricultural machines utilize automation technologies both to control the movement within the vineyard, in terms of speed and direction of travel and steering angle, and to manage the agronomic operations. Advanced board technology makes it possible to have an automatic guidance system based on the use of GPS and proximity sensors. 68 At the same time, tractors have been engineered to perform site-specific operations autonomously without human intervention, thanks to the interpretation of prescription maps made with monitoring sensors mounted on board, which can monitor the plant status during the progress along the row, interpreting information and managing operations in real time. There are many commercial solutions for VRT in vineyards (Figure 8 ).
This technology meets the current needs of the food industry, ensuring adequate productivity and profitability in the vineyard. The resulting benefits are a substantial reduction of the work and speeded-up operations. The guidance systems can reduce operating stress, while the VRT provides measurement on the discharge conveyor belt of the harvester; 3000GRM and ATV systems perform a direct measurement of the transported grape weight by means of load cells. These tools give the farmer the ability to map the vineyard productivity with a resolution never previously achieved ( Figure 6 ). The yield maps realized with these sensors represent an excellent tool to verify the effectiveness of management practices applied in the vineyard.
Nondestructive monitoring of grape quality parameters is based on optical sensors designed as "hand devices", instruments carried by an operator, used for proximal georeferenced measurements (Figure 7) . Among the most important devices available, the Spectron (Pellenc SA, Pertuis Cedex, France) is a portable spectrophotometer with integrated GPS, designed to monitor grape maturation through nondestructive measurement of parameters related to grape quality, such as the sugar, acidity, and anthocyanin concentration and water contents. The Multiplex (Force-A, Orsay Cedex, France) is a portable optical sensor that uses fluorescence to quantify polyphenols and chlorophyll content, with georeferenced noncontact measurements both on target leaves and grapes. 64 The processing of the acquired data allows indices to be obtained relating to the concentration in flavonols, anthocyanins, chlorophyll, and nitrogen nutrition. Given its technical specifications, this tool has also been used on mobile ground vehicles. 
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Matese and Di Gennaro a rational use of agronomic inputs, with direct impact on costs, quality, and environmental sustainability.
Robotics
The use of robotics in precision viticulture is still at a prototype stage, but many projects are already in the final stage of development, and some have already been put on the market.
Professor Simon Blackmore, a leading expert in precision agriculture, told at the 2014 Oxford Farming Conference in the UK that his vision was for "farming with robots in 2050", and that "farmbots" or "agbots" are the future of agriculture. 69 If, in recent years, there has been an important effort of innovative technologies in agriculture, the coming years will see an exponential increase with higher-performance solutions and 
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Technology in precision viticulture reduced costs. Automation and robotics will be accessible to small businesses, becoming widespread, but we must not forget that all this technology for monitoring and intervention is of no use without the support of the farmer's experience. A review follows of the robotic innovations for precision viticulture. The VineRobot project coordinated by Televitis group, at the University of La Rioja in Logroño, La Rioja, Spain, has received more than €2 million financing by the European Union. 70 The goal of the project is the development of a new agricultural robot, equipped with noninvasive sensing technologies, such as sensors, fluorescence, multispectral, RGB for machine vision, thermal infrared, and GPS. The system is designed to perform a proximal monitoring of various critical parameters such as yield, vigor, water stress, and quality of the grapes, and provides a tool for decision support to the grower to improve the management of the vineyard ( Figure 9A ).
The VINBOT project exploits the technology proposed by the Spanish Robotnik Automation Company. 71 It has developed a robotic platform with open-source software. The system is equipped with sensors for 3D reconstruction of the leaf curtain, and multispectral cameras for vine vigor, to provide important information such as the estimation of productivity. The robot acquires data at an operating speed that can monitor a surface of 1 ha per hour; it is capable of moving on slopes of up to 45° and is powered by an electric motor with a range of 8 hours a day ( Figure 9B ).
The Wall-Ye robot is a product developed for vineyard monitoring by Christophe Millot. 72 It can move independently along the rows, acquiring data on each vine, and producing a very highly detailed vineyard map. Thanks to a monitoring system based on many optical sensors, this robot cannot only perform correct displacements within the vineyard, but also carry out precision pruning, respecting the specific structure of each individual vine. Wall-Ye has an autonomy of 12 hours and can prune about 600 plants per day. It can also be monitored remotely by means of an application developed for the iPad. Thirty have already been sold to French winegrowers, at a market price of around €25,000 ( Figure 9C ). Ben-Gurion University of the Negev, in Beer Sheva, Israel, developed a prototype designed for foliar applications. 73 The robot, called VineGuard, can move within the vineyard using a complex set of sensors, with a movement system optimized for rough terrain. In addition to this application, a robotic arm designed for grape harvesting is in development, using artificial intelligence to guide the robot in a series of operations, such as localization, assessment of the maturation state, and selection and detachment of the grapes from the vine ( Figure 9D) .
Vitirover is the result of a project conceived and produced by Xavier David Beaulieu, owner of Chateau Coutet (Saint Emilion, France), and received an award at the Grand Prix of Innovation in 2012 at the salon Vinitech-Sifel. 74 This little robot is able to cut the grass up to a distance of 2-3 cm from the base of the vine, in full respect of the plant, ensuring a cutting height of between 4 and 10 cm. The robot has four drive wheels that allow it to work in steep vineyards up to a maximum gradient of 15%. The power system is completely self-sufficient thanks to a solar panel; however, the operating speed is low (500 m/h), so about 100 hours of work is needed to cover 1 ha of vineyard. The robot works independently on the basis of GPS coordinates, but can also be controlled by computer or smartphone thanks to a simple application compatible with iPhone, BlackBerry, and Android. Although the machine is able to work in a constant way, the time necessary to treat a single hectare remains high, and is therefore also a function of the relatively low cost (about €5,000). The manufacturers recommend the use of multiple units for efficient vineyard management ( Figure 9E) .
The American company Vision Robotics Corporation (VRC) has developed a prototype able to perform a precision pruning, by means of optical sensors that perform a 3D reconstruction of the vine structure. 75 The robot identifies the points of intervention according to the specifications provided by the harvester, and carries out very high-detail pruning cuts by means of two hydraulic shears. The prototype is still in an experimental phase, but the final product is expected to be on the market in 2016 at a base price of about €120,000 ( Figure 9F) .
A robot tractor prototype has been developed by Autonomous Solutions (ASI). 76 The Forge Robotic Platform can be driven by remote or be completely autonomous, but will also be available in a cab version for transporting the operator on board. It is a real tractor capable of supporting agricultural tools commonly used in vineyard management. The testing phase of this prototype is nearly over. It is intended to be marketed by the end of 2015, with a price ranging between €60,000 and €120,000, depending on the configuration ( Figure 9G ).
Conclusion
The aim of this review is to report the state of the art of technologies in the field of precision viticulture. In recent years, these technologies had rapid development and greater applicability due to lower costs, ease of use, and versatility. In general, the application advantage of these innovative solutions is a cost reduction in crop management, through improving crop quality and yield production, process traceability and environmental sustainability with a rational use of chemical inputs.
The rapid innovation in proximal sensing technologies involve an optimization of Decision Support System (DSS) and thus make possible the implementation of rapid intervention strategies. However, it will be necessary to choose the best remote sensing platform for each kind of application. Even if satellite and aircraft are excellent tools for producing prescription maps for variable-rate applications, satellite already has limitations due to low resolutions for precision viticulture, and aircraft imply very high operational costs. At the same time, the UAV platform presents a high ground resolution, great flexibility of use and timely intervention, but it is economically feasible only for small areas (about 10 ha) and experimentation. VRTs are well developed and widely used, especially in chemical applications.
Currently, remote and proximal monitoring technologies and variable-rate machinery are applied on a broad basis, while robotics reported in this review are in an experimental stage.
In general, there are issues to overcome before widespread adoption of these technologies can take place, which are related not only to the need to further explore the potential of these tools, but above all to the ability of farms to train technicians capable to understand and properly use this type of technology.
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